In this work, an agar production process from macroalgae Gracilaria sp. is analyzed using exergy analysis methodology in order to quantify the physical and chemical exergies of the species involved, total irreversibilities, exergy from utilities and wastes generated, and overall exergy efficiency of the process. Results show that for an 8,670 t/year of Gracilaria sp. algae plant, the Filtration III and Evaporation stages have a great improvement opportunity since the use of waste streams such as water vapor, water and filter cake increase the exergy efficiency from 18.7 to 39.4%. Finally, it is suggested an improved topology to optimize the process by the implementation of an energy integration to reduce exergy of industrial services as well as operating costs.
Introduction
The agar is a mixture of polysaccharides extracted as a solution or gel, which is frequently used as a thickening and gelling agent in various food formulations [1] .
One advantage of agar over natural gelatin is that exceeds it eight times in characteristics due to it has no taste, is very flexible and resistant. Agar is obtained from macroalgae, a particular type of algae rich in carbohydrates [2] ; characteristic that makes them a lignocellulosic source of great industrial value [3] . Among the advantages of algae cultivation are found its easy growth in marine ecosystems, the ecological diversity and the economic value that some of them have attained to commercial level [4] . Within the large number of families that make up the macroalgae, the gender Gracilaria sp. represents 60% of the raw material used for the agar production [5] . However, this growing process is leading agar producing countries to seek and implement optimal processes that can ensure a better use of raw materials and high yields. In this work, authors analyses an agar production process from Gracilaria sp. using exergy analysis methodology to quantify the total irreversibilities, exergy from utilities/wastes generated and overall exergy efficiency. Figure 1 shows the diagram for a plant that process 8,670 t/year of Gracilaria sp. In the first stage, the algae is washed at 343.15 K in a water/algae ratio by weight of 8:1 in order to remove all the impurities and to sterilize the biomass. The next step is the filtration, where the water and other compounds are separated from the algae to be fed to the drying stage, where algae temperature is raised to 353.15 K to remove the highest moisture content. Then, algae are mixed with a 5 wt% NaOH solution in an algae/solution ratio of 1:20 to release the agar contained therein. In the reactor are also given secondary reactions such as hydrolysis of cellulose and hemicellulose. In this work, it was assumed that 100% cellulose is converted to glucose while for hemicellulose 3.5, 3.5, 6.5 and 86.5% became galactose, arabinose, glucose and xylose, respectively. After the alkaline treatment, the biomass is separated from the solution to be neutralized in the next step with a solution of 1.5% by weight H2SO4 to convert excess of NaOH into Na2SO4. After this, the biomass is boiled in a water ratio of 1:20 to dilute the agar, which is then separated from the other solid components using a filter press. Finally, the resulting agar stream is purified by evaporation of the remaining water in the mixture.
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Exergy Analysis
Exergy is defined as the maximum amount of theoretical work that can be obtained from the interaction between a thermodynamic system and a stable reference environment. If there is a difference between them, there is the possibility of producing work. In this sense, the exergy analysis becomes a powerful thermodynamic tool to identify and quantify the major inefficiencies and system performance [6] [7] .
For an exergy balance in steady state, exergy destruction is related to net mass transfer, work and heat irreversibilities. The exergy associated to work where there is no volume change is equal to the own work of the system. Regarding exergy heat, Equation 1 shows that this represents the fraction of energy transferred from a heat source at temperature T to the reference temperature T0.
Finally, the exergy related to the mass flow in the absence of electrical, magnetic, nuclear and surface tension effects is defined as the sum of physical, chemical, kinetic and potential irreversibilities. Physical and chemical exergies are given by Equations 2 to 4. In Equation 3, the chemical exergy is determined by the standard free energy of formation more the stoichiometric sum of standard chemical irreversibility of its constituent elements. In the case of a mixture, it will be defined by its components and their respective compositions as shown in Equation 4 . On the other hand, the total exergy input to the system is associated with the process streams input and/or industrial services required, while the total exergy output may be associated with product flows and/or waste streams. Exergy losses are calculated by subtracting total input and output exergy. Finally, the process exergy efficiency is calculated by Equation 5 and irreversibility percentage in a stage i using Equation 6 .
The energy balance of streams was performed using Computer Aided Process Engineering (CAPE), chemical exergies were taken from Peralta-Ruíz et al., (2013) [9] , while the physical exergy was calculated using a commercial process simulation software. NRTL and NRTL-Polymer solution models were chosen due to the presence of polar, non-polar mixtures and polysaccharides. Finally, the Peng Robinson (PR) and Soave-Redlich-Kwong (SRK) state equations were used to represent the liquid-vapor equilibrium.
Results and Discussion
Exergy Analysis Table 1 presents the results of chemical, physical and total exergy of the system for each stream. It is observed that the macroalgae stream has a higher exergy compared to the agar (13030.44 and 6393.82 MJ/h, respectively). Despite it is not the ideal scenario, due to some of processes purposes must increase the products exergy and their energy performance; this condition is not harmful to the final product because of it can be used in other markets such as food, medical and cosmetic. Figure 2 shows the exergy analysis for each of the stages of the process. It is observed that the most critical stage is Evaporation with 16,552 MJ/h of irreversibilities related to changes in temperature and water-agar separation that increased the useful energy losses, and the high demand for industrial service in the form of heat due to the high viscosity of agar. Moreover, this stage along with the Filtration III represent the stages with higher exergy losses by waste (778 and 6,147 MJ/h, respectively); so there is a need to find alternatives for improvement and optimization, because of between both of them are missing 68.7% of exergy for recoverable waste. Finally, the stage that represents the largest exergy efficiency is Filtration I (98.9%), possibly associated with low demand of industrial services.
Figure 2.
Exergy analysis per stages of agar production process from Gracilaria sp. Figure 3 . Global exergy analysis of agar production process from Gracilaria sp.
Global Exergy Analysis
Similarly, Figure 3 presents the overall results for the production process, based on the inputs and outputs thereof. It is observed that in the process were lost 27,667 MJ/h as irreversibilities, where 36% of these correspond to residues (10,077 MJ/h). In addition, comparing this amount with the irreversibilities generated by industrial services (17,892 MJ/h) can be seen that the last one are higher, indicating that efforts should be focus on improving this indicator either trough by making a good technical provision of equipment, since in some cases it is not necessary to operate them at 100%. Finally, the overall exergy efficiency (18.8%) is less compared to the oil extraction process from macroalgae (51%) [9] . 
Sensibility Analysis
For this analysis, the residual streams 6, 18 and 19 were considered as useful in the process to model the change in exergy efficiency, based on 4 cases. Case 1 refers to the original process in which the waste streams are not exploited; in Case 2 it is considered that stream 19 is used as heating due to the high temperature at which it leaves the process; in Case 3, streams 19 and 18 are included, the latter as an input for bioethanol production due to carbohydrates having; and in Case 4 all three streams were taken into account. Figure 4 show that efficiency increases moderately in Case 2; while for Case 3 high sensitivity for the use of stream 18 is evident. Finally, when adding the waste water stream 6 as product is observed that the change in efficiency is not significant. The high sensitivity evidenced in Case 3 can be attributed to the fact that the filtered cake being discarded represents 61% of total waste exergy.
Figure 4.
Exergy efficiency change in terms of using waste streams of agar production process from Gracilaria sp.
Conclusions
Exergy analysis of agar production process from Gracilaria sp. was carried out, where an overall exergy efficiency of 18.8% was obtained. This process has the potential to increase the overall efficiency by implementing improvements in order to take advantages of the residual streams. Filtration I is the most efficient step (98.9%), while Evaporation presented the lowest efficiency percentage (27.9%). An improvement associated with the decrease of use of industrial services through energy integration could reduce exergy of utilities and operating costs. 
